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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (31) 

UNITS  OF  MEASUREMENT 

U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con¬ 
verted  to  metric  (Si)  units  as  follows: 


Multiply 

..  By. 

To  Obtain 

inches 

2.5k 

centimetres 

feet 

0.30U8 

metres 

pounds  (mass) 

**53.5923? 

grams 

pounds  (force) 

**.  1*1*8222 

newtons 

pounds  (mass)  per  cubic  inch 

21.68 

grama  per  cubic  cm 

pounds  (force)  per  square  inch 

.00689**?  §7 

megapascals 

g  (acceleration  of  gravity) 

9. IS 

t  2 
metres  per  sec 

microns 

10”4 

metres 
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CHAPTER  1 
INTRODUCTION 


1.1  BACKGROUND 

The  type  of  gage  that  has  been  most  commonly  used,  to  measure 
compressive  stress  exerted  by  an  ex^os ion-generated  stress  wave  on 
a  soil-structure  interface  is  basically  a  strain-gaged  load  column. 

Force  exerted  on  a  fir sh-mounted  piston  is  transmitted  to  a  column 
supporting  the  piston  along  the  sensing  axis;  readout  is  from  strain 
gages  on  this  column.  Experience  with  thi|^type  of  gage  has  indicated 
several  shortcomings.  For  example,  any  significant  friction  between 
the  piston  and  easing  affects  the  measured  results.  Such  friction  can 
arise  when  interface  shear  stress  forces  the  piston  against  one  aide, 
or  when  slightly  eccentric  loading  misaligns  the  piston,  or  as  a  result 
of  injection  of  granular  material  into  the  space  between  piston  and 
casing  just  above  the  G-riag.  Output  time-histories  which  indicate 
friction  in  the  gage  have  been  observed.  The  necessity  of  carefully 
disassembling  and  cleaning  this  type  of  gage  between  each  use  is  a 
nuisance  and  creates  a  quality  control  problem. 

Further  considerations  have  also  revealed  other  fundamental  short¬ 
comings.  Generally,  a  soil  stress  gage  will  not  indicate  exactly  the 
same  stress  that  would  occ^y  if  the  gag*  were  not  present  in  the  medium. 
For  example,  if  a  soil  stress  gage  is  placed  in  the  free  field  or  on  a 
structure  made  of  relatively  stiff  eaterial  such  that  it  sticks  out 
into  the  external  sae&iua,  the  gage  will  tend  to  over-register  if  its 
active  deflecting  portion  is  stiffer  than  the  oed****!!,  and  to  under¬ 
register  if  it  is  less  stiff  than  the  ssediuis.  Reference  1  ia  a  thorough 
review  of  the  interaction  between  soils  and  pressure  cells.  A  flush- 
Bimnted  stress  gage  is  surrounded  on  its  sides  by  the  structure  -mate¬ 
rial,  and  the  approach  of  attempting  to  have  the  axial  gage  stiffness 
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match  or  exceed  the  stiffness  of  the  structure  material  has  sometimes 
been  taken.  Such  an  approach  is  fallacious  because  it  ignores  the 
effect  of  lateral  stresses  in  the  structure  wall.  Because  Poisson's 
ratio  of  the  wall  material  is  not  zero,  the  lateral  stresses  in  the 
wall  also  influence  the  strains  in  the  wall  in  the  normal  direction. 
Therefore,  it  is  easy  to  see  that  motion  of  the  piston  faee  with  respect 
to  the  outer  surface  of  the  structure  depends  not  only  on  the  stiffness 
of  the  strain-gaged  column  and  the  structure  material  but  also  on  the 
lateral  stresses  in  the  structure  wall.  Since  the  lateral  stresses 
often  greatly  exceed  the  normal  stresses  being  measured,  sometimes  by 
an  order  of  magnitude,  their  effect  should  not  be  ignored.  The  deeper 
the  anchoring  of  the  gage  column  within  the  structure  wall,  the  greater 
the  predicted  effect  of  lateral  stresses  on  gage  registration.  Clearly, 
this  sort  of  situation  in  which  gage  registration  is  significantly 
affected  not  only  by  soil  properties  but  also  by  the  lateral  stresses 
at  its  specific  location  in  the  structure  is  to  be  avoided  as  much  os 
possible. 

1.2  PURPOSE 

The  objective  was  to  develop  an  improved  soil-structure  interface 
stress  gage  suitable  for  static  and  dynamic  measurements  in  a  stress 
wave  environment  In  the  range  below  3$  MPa  ($000  psi). 

1.3  SCOPE 

Investigations  of  alternative  gage  concepts  and  the  results  of  a 
survey  of  commercial  gages  are  documented  in  Chapter  2;  emphasis  is  on 
comparison  of  the  column  and  diaphragm  concepts.  The  design  of  the 
lateral  isolation  system  is  documented  is  Chapter  3,  and  its  experi¬ 
mental  evaluation  in  Chapter  b.  Prediction  and  experimental  determina¬ 
tion  acceleration  sensitivity  are  in  Chapter  $.  Results  of  gage 
registration  tests  with  three  different  kinds  of  sand  are  presented  in 
Chapter  6.  The  findings  are  summarised  in  Chapter  7;  the  reader  may 
wish  to  proceed  directly  to  Chapter  7  in  a  first  reading 
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CHAPTER  2 


ALTERNATIVE  GAGE  CONCEPTS  AND  SURVEY  OF  INDUSTRY 

2.1  GENERAL  REQUIREMENTS 

When  making  measurements  on  a  structure  interface,  it  must  he  kept 
in  mind  that  the  lateral  stresses  in  the  structure  often  greatly  exceed 
the  normal  stresses  being  measured.  Clearly,  the  gage  and  its  mounting 
system  must  be  such  that  the  lateral  stresses  exerted  on  the  mount  do 
not  in  themselves  give  rise  to  significant  output.  In  addition,  the 
lateral  stresses  also  tend  to  influence  the  interaction  of  the  gage  with 
the  external  medium  (soil)  by  way  of  influencing  the  strains  in  the  wall 
in  the  normal  direction;  this  has  already  been  mentioned  in  Chapter  1. 

It  is  worthwhile  to  consider  the  stresses  and  strains  in  the  wadi  in 
somewhat  greater  detail. 

Given  an  orthogonal  coordinate  system  with  the  x-direction  along 

the  gage  sensing  axis  (the  normal  to  the  surface)  and  considering  the 

structure  wall  material  in  the  vicinity  as  elastic  with  Young's  modulus 

E  and  Poisson's  ratio  v  ,  the  fundamental  equation  relating  the  axial 

strain  e  to  the  axial  stress  a  and  the  lateral  stresses  o 
xx  y 

and  o  is  (from  Reference  2). 
z 

e  »  4  r°‘  -  v  (c  +  o  )j  (2.1) 

x  S  [x  y  zj 

In  hardened  structures,  the  concrete  is  usually  a  fairly  stong  mix; 
denoting  its  unconfined  compressive  strength  by  a  ,  typical  properties 
are  as  follows: 

o  a  1)0  MPa  (“6000  psi) 

E  =  40,000  MPa  (“6,000,000  psi) 

v  =  0.18  (2.2) 

The  test  environment  for  hardened  structures  is  usually  designed  to 

approach  the  threshold  of  destruction.  For  example,  at  the  center  of  a 

square  two-way  slab,  the  lateral  stresses  would  be  axisymmetric ,  with 

o„  a  w  “  -o  at  the  loaded  face;  tensile  stresses  and  extensional 
y  Z 

strains  are  considered  positive.  With  the  properties  (2.2)  Equation  2.1 


predicts  an  extensions!  strain  of  360(10-^)  for  the  contribution  of 
lateral  stresses  to  the  strain  in  the  axial  direction.  If  the  magnitude 
of  the  normal  stress  applied  by  the  soil  is  2  MPa  (-300  psi),  its  con¬ 
tribution  is  a  compressive  strain  of  magnitude  50( 10  ^).  The  total 
axial  strain  would  thus  be  36o(lO-S  minus  50(10**^),  i.e.,  an  exten¬ 
sions!  strain  of  310(10  °)  at  the  center  of  the  slab.  By  contrast,  at 
some  other  locations  In  the  same  slab,  such  as  near  a  simply  supported 
edge,  the  lateral  stresses  may  be  negligible;  at  such  locations  the 
axial  strain  would  be  of  magnitude  50(10"^)  and  compressive.  The 
futility  of  attempting  to  match  gage  stiffness  to  the  deformation  of  the 
structure  material  in  the  axial  direction  should  be  fully  apparent  from 
this  example. 

Considering  a  gage  anchored  at  depth  d  from  the  outer  surface  of 

the  structure  ■  l' .  the  axial  elongation  of  the  structure  material 

around  the  gage  due  to  lateral  stresses  is  the  depth  d  times  the 

contribution  of  lateral  stresses  to  the  strain  in  the  axial  direction. 

Again,  with  o  «  ar  a  -o  and  the  properties  (2.2),  this  is  360(10”  )d. 
y  s 

Since  the  gage  column  itself  is  isolated  from  lateral  stresses,  this  is 
also  the  magnitude  of  the  resultant  inward  motion  of  the  gage  face  with 
respect  to  the  outer  surface  of  the  structure.  If  the  structure  were 
loaded  with  a  fluid,  this  inward  motion  would  have  no  adverse  conse¬ 
quences,  but  with  soil  this  gives  rise  to  arching  effects  which  alter 
the  stresses  exerted  on  the  gage  face.  Comparison  with  the  magnitude  of 
the  gage  deflection  $  due  to  the  normal  stress  p  acting  on  the  gage 
gives  an  estimate  of  the  relative  significance  of  the  effect  of  lateral 
stresses  on  the  interaction  of  the  gage  with  the  soil.  For  a  column 


gage  with  external  sensing  face  area  and  a  column  with  cross- 

sectional  urea  A  ,  length  L  ,  and  made  of  a  material  with  Young's 
c 


modulus  Xc  ,  this  is  givun  by: 


(2.3) 


As  an  exurple,  consider  the  aluminum  column  gage  described  in 
Figure  3.13  of  Inference  3,  which  has  a  l,2?-e»-d£a»eter  sensing  area, 
a  thin  1.1  x  9.5  mm  column  cross  section,  and  column  length  2.5s*  cm. 
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This  was  designed  for  a  sensing  range  up  to  3.5  MPa  (500  psi).  With 
the  Young's  modulus  of  aluminum  (Reference  It)  and  a  normal  stress  p 
of  2  MPa  (-300  psi),  Equation  2.3  gives 

6  =  0.009  mm  ( 2.k ) 

Taking  the  anchoring  depth  a  to  be  the  sum  of  the  column  length 
and  the  piston  length,  which  for  this  particular  gage  is  3.8  cm,  the 
inward  motion  of  the  gage  face  with  respect  to  the  outer  surface  of 
the  structure  due  to  -  -o  with  the  concrete  properties  (2.2) 

is: 

360(l0"6)d  =  0.014  mm  (2.5) 

Comparison  of  the  results  (2.h)  and  (2.5)  shows  that,  in  this  partic¬ 
ular  example,  lateral  stresses  have  a  greater  effect  on  the  motion  of 
the  gage  face  with  respect  to  the  outer  surface  of  the  structure  than 
the  normal  stress  acting  on  the  gage.  Naturally,  this  sort  of  situation 
does  not  necessarily  occur  in  all  structures  tests;  this  example 
merely  demonstrates  that  with  deeply  anchored  gages  it  is  not  very 
unusual  for  the  two  effects  to  be  of  the  some  order  of  magnitude. 

Therefore,  in  order  to  minimise  the  effects  of  soil  arching  on  the 
registration  of  a  flush-mounted  gage  in  a  variety  of  lateral  stress 
environments  in  the  structure,  the  following  main  requirements  emerge: 

a.  The  gape  should  be  as  stiff  as  possible,  with  a  small  ratio 
of  deflection  to  the  diameter  of  the  tensing  area. 

b.  The  gage  should  be  anchored  as  closely  to  the  surface  of  the 
structure  as  possible;  the  anchoring  depth  should  at  least  be  smaller 
than  the  diameter  of  the  sensing  area. 

The  second  requirement  (b)  minimizes  the  effects  of  lateral  stresses  at 
the  location  of  the  gage  in  the  structure  on  the  interaction  of  the  gage 
with  the  soil. 

There  are  also  additional  requirements.  The  gage  and  its  mounting 
system  must  be  such  that  the  lateral  stresses  exerted  on  the  mount  do 
not  in  themselves  give  rise  to  significant  output.  The  gage  should  not 
only  be  able  to  survive  large  acceleration  from  any  direction  but  should 
also  have  low  acceleration  sensitivity.  In  order  to  provide  good  signal 
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to  noise  ratios  in  explosive  test  environments,  the  gage  should  have 
high  electrical  output.  The  area  of  the  sensing  face  should  he  suffi¬ 
cient  to  average  over  a  large  number  of  sand  grains.  Since  field  tests 
often  involve  temperature  extremes,  the  functioning  of  the  gage  should 
not  he  affected  by  changes  in  temperature. 

2.2  COMPARISON  OF  COLUMN  AND  DIAPHRAGM  CONCEPTS 

Columns  are  generally  thought  of  as  being  stiffer  than  diaphragms, 
but  clearly  a  thick  diaphragm  is  stiffer  than  a  thin  column.  A  well- 
designed  gage  would  have  a  very  small  ratio  of  deflection  to  diameter 
and  would  nevertheless  give  high  electrical  output.  This  suggests 
minimizing  She  ouantiiy 

J. 

De 

where  6  ic  the  gage  deflection,  D  is  the  diameter  of  the  sensing 
urea,  and  e  is  the  strain  magnitude  at  the  location  of  the  strain 
gages  inside  ..he  gage.  For  a  column  gage  with  column  length  L  , 

6  »  cL  ,  and  therefore 


For  a  diaphragm  gage,  t!  j  formulas  for  the  deflection  4  and 
flexural  stress  s  at  the  midpoint  c*  a  fixed-edged  plate  with  radius 
a  ,  thickness  t  ,  Young's  modulus  and  Poisson's  ratio 
loaded  with  uniform  pressure  p  give  (Reference  5) 

Ml  •  vf)  4 

6ns’TrC‘“‘‘5P  (2*T> 

a  t 

s«‘!u*v<i)  '(*•« 

The  maximum  flexural  stress  is  in  the  radial  direction  at  tb*»  edge; 

denoting  this  by  a  -ve  have  (Reference  Z) 

© 

(S-9> 
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The  strain  at  the  midpoint  of  the  inner  surface  of  the  diaphragm 

is  related  to  s  by  (Reference  2) 
m 

em  E^  sm 

and  using  Equation  2.8 

3(1  -  n  o 

*«  *  — Be~“  (2-10> 

a 

Combining  Equations  2.7  and  2.10  gives,  for  a  diaphragm  gage 


Jjm  _  D_ 

De  “  8t 
m 


(2,11) 


where  D  =  2a  is  the  diameter  of  the  sensing  area,  a3  before, 

A  diaphragm  gage  is  usually  configured  with  one  or  two  strain  gages 
at  the  center  sensing  flexural  tension  and  one  or  two  near  the  edge 
sensing  flexural  compression,  Although  the  radial  compressive  strain 
right  at  the  edge  is  of  higher  magnitude  than  the  tensile  strain  at  the 
center,  radial  strain  varies  rapidly  with  distance  near  the  edge,  and  it 
is  not  practical  to  position  a  strain  gage  of  finite  sine  at  the  edge 
without  getting  cl030  to  or  even  partly  overlapping  the  inflection 
point.  Therefore,  the  compression-sensing  strain  gages  in  a  small  dia¬ 
phragm  gage  probably  do  not  contribute  more  to  the  total  output  than  the 
secondary  lateral-sensing  (Poisson)  strain  gages  in  a  typical  column 
gage.  It  follows  that  comparison  of  the  tensile  strain  at  the  center  of 
a  diaphragm  gage  with  the  magnitude  of  the  compressive  strain  in  a 
column  gage  is  a  realistic  indication  of  the  relative  magnitudes  of 
electrical  output  that  may  be  obtained. 

It  is  seen  from  Equation  2,6  that  for  a  column  gage  the  quantity 
d/De  does  not  depend  on  any  parameters  that  control  its  sensing  range. 
On  the  other  hand,  since  for  a  given  external  load  the  stresses  in  a 
fixed-edged  plate  are  proportional  to  the  square  of  the  ratio  of  the 
diameter  to  thickness  (Reference  5),  it  is  seen  from  Equation  2,11  that 
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the  quantity  6  /De  is  less  for  diaphragm  gages  designed  to  sense 
mm 

high  external  stresses  than  for  lower-ranged  ones.  As  an  example,  for  a 
gage  with  the  diaphragm  of  the  WES  SE  gage  (Reference  6)  with 
D  =  1.905  cm  and  t  =  1.905  mm,  Equation  2.11  gives  a  value  of  1.25  for 
Sm/Deffi  ,  By  using  the  properties  of  the  stainless  steel  SE  gage  mate¬ 
rial  (Reference  M  in  Equation  2.9,  a  pressure  of  10  MPa  (=1500  psi)  is 
predicted  to  produce  a  strain  of  approximately  5Q0(10~^)  at  the  center 
of  this  diaphragm.  Similarly,  it  is  predicted  that  if  it  is  desired 
to  produce  the  same  strain  with  a  pressure  of  1.4  MPa  (=200  psi),  the 
ratio  D/t  has  to  he  raised  by  a  factor  of  2.7,  resulting  in  a  value  of 

3.H  for  6  /De  .  It  is  interesting  to  note  in  passing  that  these  two 
m  m 

diaphragm-gage  5  /De  values  (1.25  and  3.*0  bracket  the  6/De  value 
m  m 

of  2.0  given  by  Equation  2,6  for  the  column  gage  of  Reference  3,  which 
has  a  1.27-cm-diameter  sensing  area  and  2.5^-em  column  length. 

However,  the  effects  of  soil  arching  on  gage  registration  are  not 
the  same  for  a  rigid-faced  piston  and  a  flexing  diaphragm  with  the  same 
midpoint  deflection.  Due  to  the  deflection  discontinuity  at  the  edge 
of  a  piston,  arching  effects  can  be  expected  to  be  considerably  greater, 
especially  at  the  edge  of  a  piston.  The  results  of  Askegaard's 
approximate  solutions  to  the  problems  of  a  nonadhering  elastic  medium 
pushing  on  a  spring-supported  piston  and  on  an  elastic  diaphragm  ore 
given  on  pp  117-116  of  Reference  1.  Defining  as  the  difference 
between  the  total  force  that  would  be  exerted  on  the  gage  sensing  area 
by  the  unperturbed  normal  stress  os  and  the  actual  tot ."l  force  P  » 
i.e.,  as 

r,n’V  ‘ 


Reference  1  gives,  for  a  piston 


DM 


V6 


1  - 


^  3.05 


(2.12) 


where  M  and  v  are  the  Young1  s  modulus  and  Poisson’s  ratio  of  the 
s  s 


external  (assumed  elastic)  medium,  and 


P  =  6 
e  m 


1  -  v 


%  °^3 


(2.13) 


for  a  diaphragm.  Defining  a&  as  the  difference  between  the  unperturbed 
normal  stress  and  the  actual  mean  stress  over  the  gage  sensing  area,  we 


In  terms  of  this  quantity.  Equations  2.12  and  2.13  become 

o  =  | - — s-3.05 

'  D  .(1  -  v?) 

5 


(2,lM 


for  a  piston,  and 


6  UM 

0-7?  - - - S~ 

e  B  .a  - 


(2.15) 


for  a  diaphragm. 

Minimising  the  gage  registration  discrepancy  while  maximising 
electrical  output  suggests  minimising  the  quantity 


where  e  is  the  strain  magnitude  at  the  location  of  the  strain  gages 
inside  the  gage,  as  before.  Equivalently,  since  both  gage  types  are 
assumed  to  be  acted  on  by  the  same  medium,  the  respective  values  of 


a  *(1  -  v“) 
<?  s 


may  be  compared.  From  Equations  2.6  and  2.1b  we  have,  for  a  piston 


c - ®—  ■  D  3-m 

S 


(2.16} 


15 


and  from  Equations  2.7  and  2.15 


o 

e 


e 


m 


v(l  -  v2) 
s 

1*M 

s 


0.1*3 


(2.17) 


for  a  diaphragm. 

For  a  gage  with  the  diaphra^n  of  the  WES  SE  gage  with  D  =  1.905  cm 

and  t  =  1.905  mm,  the  right-hand  side  of  Equation  2.17  is  0.5;  if  the 

diaphragm  thickness  is  decreased  according  to  Equation  2.10  to  give  the 

same  strain  *  500(10~^)  at  1.1*  MPa  (“200  psi)  as  the  SE  gage  at 

10  MPa  (“1500  psi),  a  value  of  1.5  is  obtained  for  the  right-hand  side 

of  Equation  2.17.  Both  of  these  compare  very  favorably  with  the  column 

gage  of  Reference  3  with  D  =  1.27  cm  and  column  length  L  =  2 . cm, 

which  give  a  value  of  6.1  for  the  right-hand  side  of  Equation  2.16.  The 

column  gage  can  be  improved  by  shortening  the  column;  if  L  is 

decreased  to  6  mm  (»1/U  inch),  the  right  side  of  Equation  2.16  becomes 

1.1*1*,  vhieh  is  comparable  to  the  corresponding  quantity  of  1.5  for  a 

-6 

diaphragm  gage  designed  for  a  strain  of  500(10  )  at  the  center  of  the 

diapliragra  when  loaded  by  a  pressure  of  1.1*  MPa  (“200  psi). 

Clearly,  the  behavior  of  a  nonadhering  elastic  medium,  on  which  the 
Equations  2.12  through  2.17  ore  based,  is  only  an  approximation  of  the 
behavior  of  a  real  coil.  Plastic  behavior  at  the  edge  of  the  piston 
would  tend  to  mitigate  the  effects  of  arching  on  the  column  gage  to  some 
extent.  Nevertheless,  the  foregoing  comparison  suggests  that  on  the 
basis  of  minimi sing  the  effects  of  arching  on  gage  registration 
while  maximising  electrical  output,  the  diaphragm  concept  is  competitive 
over  much  of  the  soil  stress  range  of  interest. 

A  sensing  diaphragm  must  be  isolated  from  the  lateral  stresses  in 
the  structure.  It  is  also  worth  noting  that  the  same  requirement  arises 
for  the  base  of  a  shortened  column  gage.  On  a  long  narrow  column  the 
strain  gages  can  bo  positioned  sufficiently  far  from  the  base  to 
remain  unaffected  by  lateral  stresses  in  the  base,  but  the  base  of  a 
short,  stubby  column  should  be  isolated  from  high  lateral  stresses. 
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2.3  OTHER  GAGE  CONCEPTS 


Some  other  gage  concepts  which  were  considered  but  not  adopted  are 
briefly  mentioned  here. 

2.3.1  Fluid-Backed  Diaphragm.  In  this  type  of  gage,  a  relatively 
thin  diaphragm  is  backed  by  a  volume  of  fluid  which  acts  on  a' small 
pressure  transducer.  With  this  concept,  it  is  possible  to  obtain  very 
small  ratios  of  deflection  to  diameter  of  the  sensing  area.  It  is  also 
relatively  insensitive  to  the  effects  of  stones  in  the  soil,  whereas  a 
strain-gaged  diaphragm  is  limited  to  fairly  fine-grained  and  uniform 
soils.  Several  free-field  soil  pressure  cells,  not  intended  for 
dynamic  measurements  involving  high  frequencies  and  accelerations, 
operate  on  the  basis  of  this  principle  (Reference  l). 

Aside  from  possible  problems  arising  from  the  effects  of  high 
lateral  acceleration,  because  liquids  possess  significantly  higher 
volume  coefficients  of  thermal  expansion  than  most  solids  (References  7 
and  8),  this  concept  is  vulnerable  to  the  effects  of  variations  in 
temperature.  For  example,  suppose  that  in  a  field  test  the  structure 
wall  in  which  the  gage  is  placed  is  subjected  to  direct  sunshine  before 
backfilling;  the  temperature  of  the  gage  may  be  above  1*0  degrees 
Celsius.  After  backfilling,  equilibrium  is  eventually  reached  at  a 
much  lower  temperature,  typically  around  10  degrees  Celsius  or  even 
lower.  Due  to  thermal  shrinkage  of  the  fluid,  the  gage  diaphragm  moves 
inward,  resulting  in  loosening  of  the  soil  right  next  to  it  or  even  a 
small  gap.  It  was  calculated  that  even  if  the  fluid  volume  behind  the 
diaphragm  is  kept  very  thin,  the  deflection  due  to  thermal  shrinkage 
can  be  of  the  some  order  of  magnitude  as  the  deflection  of  an  unbacked 
strain-gaged  diaphragm  due  to  the  normal  stress  being  measured.  It  was 
decided  to  avoid  having  to  take  special  precautions  to  minimize  the 
effects  of  temperature  variations  in  placement,  backfilling,  and  use. 

2.3.3  Diaphragm  Acting  on  Internal  Force-Collector  Column  and  Beam. 
Many  commercially  available  pressure  transducers  operate  by  this  princi¬ 
ple.  This  concept  was  rejected  because  of  anticipated  vulnerability  to 
high  lateral  acceleration  as  veil  as  acceleration  sensitivity  in  the 
axial  direction. 
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2.3.3  Pressure-Sensitive  Paint  between  Conducting  Plates.  Also 
known  as  the  intermetallic  resin  concept,  its  operation  is  based  on 
the  change  in  electrical  resistance  when  pressure  is  exerted  on  a  gran¬ 
ulated  conductor  suspended  in  a  paint  or  resin  matrix.  A  previous 
evaluation  of  some  prototype  gages  incorporating  this  principle  in¬ 
dicated  a  severe  hysteresis  problem  (Reference  9).  This  has  apparently 
been  improved  in  the  newer  pressure-sensitive  paints,  but  sensitivity 
to  shear  and  to  load  eccentricity  are  known  to  be  serious  enough  to 
warrant  special  precautions.  For  most  pressure-sensitive  paints,  the 
load  versus  resistance  relation  is  nonlinear,  although  a  few  are 
reasonably  linear  over  certain  regions.  Moreover,  the  pressure-sensi¬ 
tive  paints  do  not  appear  to  be  stiff  enough  to  possess  a  clear  advan¬ 
tage  over  other  concepts  on  the  basis  of  minimizing  gage  deflection. 

2,3.4  Piezoelectric  Transducers.  Experience  with  piezoelectric 
transducers  of  other  types  {such  as  accelerometers)  has  indicated  that 
they  are  not  competitive  with  strain-gaged  transducers  when  it  comes  to 
providing  a  good  signal  to  noise  ratio  in  an  explosive  lest  environment. 
The  requirement  for  high-impedance  lines  can  largely  be  eliminated  by 
including  a  shock-resistant  amplifier  in  the  gage  package,  but  units  of 
this  type  that  have  been  tried  have  nevertheless  been  prone  to  drift, 
and  also  excessively  sensitive  to  several  environmental  factors. 

2.3.9  Triaxial  Array  of  Embedded  Strain  Gages.  Embedding  strain 

gages  directly  in  the  structure  material  near  the  surface  would  not 

perturb  the  state  of  stress  in  the  soil.  In  an  orthogonal  coordinate 

system  with  the  x-direction  along  the  normal  to  the  surface,  the  normal 

Btreas  o  may  be  expressed  in  terms  of  the  three  strains  e  ,  e  , 
x  x  y 

and  e,  as  (Reference  2) 
z 


0  a  U  ~  v)B 
x  (1  +  v)(l  -  2v) 


Clearly,  recording  of  three  separate  channels  in  order  to  provide  one 
stress  measurement  is  undesirable.  Single-channel  output  could  con¬ 
ceivably  be  obtained  by  locating  the  strain  gages  sensing  e  and  e 
in  a  bridge  arm  opposite  to  the  strain  gage  sensing  and  adjusting 
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the  bridge  appropriately  by  means  of  fixed  resistors,  but  accurate 
knowledge  of  the  Poisson's  ratio  v  would  be  necessary  in  any  case. 
Calculations  indicated  that  if  reasonable  electrical  output  is  to  be 
attained,  semiconductor  strain  gages  would  have  to  be  used.  Some 
consideration  was  given  to  encapsulating  a  triaxial  array  of  semi¬ 
conductor  strain  gages  in  the  center  of  a  flat  epoxy  slab.  Because  of 
the  necessity  for  accurate  knowledge  of  the  Poisson's  ratio,  individual 
adjustment  of  each  bridge,  as  well  as  other  anticipated  problems,  this 
approach  was  not  pursued. 

2.k  SURVEY  OF  COMMERCIALLY  AVAILABLE  GAGES 

Because  of  the  foregoing  considerations,  it  was  decided  to  limit 
candidate  gages  to  the  strain-gaged  diaphragm  type.  Because  of  the 
desire  for  a  stress  sampling  area  of  reasonable  size  and  concern  over 
the  possible  effects  of  soil  granularity  on  a  very  small  and  thin 
diaphragm,  a  minimum  size  requirement  was  imposed  on  the  sensing  area. 
Because  some  previous  column-type  interface  stress  gages  employed  a 
1.27-diameter  sensing  area,  the  minimum  requirement  for  the  diaphragm 
diameter  was  somewhat  arbitrarily  set  at  1.27  cm  (1/2  inch). 

The  search  was  based  on  the  perusal  of  catalogs  and  specifications 
followed  by  telephone  inquiries  where  further  information  seemed  desir¬ 
able.  There  are  many  strain-gaged  diaphragm  type  pressure  transducers 
commercially  available,  but  none  were  found  with  a  diaphragm  diameter 
of  1.27  cm  or  greater.  One,  the  Kulite  IPT-750,  with  a  0.76-cm 
diaphragm,  looked  like  it  could  easily  be  modified  to  have  a  1.27-cm 
diaphragm,  in  response  to  an  inquiry,  the  manufacturer  indicated 
interest  in  offering  a  modified  version  with  a  diaphragm  diameter  of 
1.27  cm.  Other  requested  modifications  were  on  increase  in  the 
distance  from  the  sensing  face  to  the  mounting  flange  in  order  to 
accommodate  a  suitable  lateral-isolation  ring  (this  is  discussed  in 
greater  detail  in  Chapter  3),  and  waterproofing  the  back  end  of  the 
unit.  This  modified  version  was  designated  the  VM-750. 


The  VM-750  has  two  semiconductor  strain  gages  bonded  to  the  inside 
of  the  diaphragm,  one  sensing  tension  at  the  center  and  the  other 
sensing  compression  near  the  edge.  The  bridge  is  internally  completed, 
with  temperature  compensation.  A  four-arm-active  version  has  also  been 
tried,  but  it  was  decided  that  the  increase  in  electrical  output  does 
not  justify  having  to  deal  with  the  calibration  changing  with  temper¬ 
ature  when  shunting  across  a  semiconductor  bridge  arm.  With  the  usual 
two-arm-active  unit,  shunting  is  always  across  an  inactive  arm.  The 
inactive  arms  do  not  contain  semiconductor  element s;  the  temperature- 
compensating  semiconductors  are  in  the  active  arms. 

The  gage  is  made  of  17 stainless  steel,  H900  condition.  The 
coefficient  of  thermal  expansion  of  this  material,  ll( 10~^)  per 
degrees  Celsius  (Reference  k),  is  the  some  as  the  typical  value  for 
concrete  (Reference  5).  A  listing  of  full-scale  rated  pressures  and 
nominal  diaphragm  thicknesses  is  given  in  Table  2.1.  The  diaphragm 
thickness  is  sited  such  that  the  full-scale  rated  pressure  produces  a 
flexural  strain  of  approximately  500(10*°)  at  the  midpoint  of  the  inner 
surface  (Equation  2.10).  The  corresponding  maximum  flexural  stress  is 
in  the  radial  direction  at  tne  edge;  when  stress  concentration  at  the 
inner  corner  is  ignored,  this  is  given  by  Equation  2.9*  which  predicts 
a  stress  of  200  MPa  (29,000  psi)  at  the  full-scale  rated  pressure.  This 
stress  is  much  lower  than  the  1200  MPa  (l80,000  psi)  yield  strength  of 
thr  material  (Reference  M .  Prom  the  point  of  view  of  diaphragm  sur¬ 
vivability*  the  gage  is  rated  very  conservatively;  nevertheless,  opera¬ 
tion  at  high  strain  levels  is  deemed  undesirable  because  of  possible 
problems  with  strain  gage  bond  reliability  that  may  arise.  A  maximum 
pressure  of  two  times  the  rated  pressure  is  claimed  for  this  gage. 
Nominal  electrical  output  at  rated  pressure  is  100  millivolts. 

Consideration  was  also  given  to  designing  end  constructing  a 
prototype  gage  in-house.  This  was  not  pursued  because  of  the  absence 
of  in-house  capability  for  techniques  such  as  electron-beam  welding  and 
inorganic  bonding  of  strain  gages,  and  because  the  Kulite  VM-750 
appeared  to  fit  the  general  requirements  reasonably  well.  Some 
thought  was  given  to  increasing  the  sice  of  tht  gage  in  order  to  obtain 
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a  larger  sampling  area,  but  this  would  have  also  necessitated  an  in¬ 
crease  in  the  size  of  the  mount,  which  would  make  it  less  useful  in 
tests  involving  small  model  structures.  The  potential  for  cost  savings 
inherent  in  being  able  to  incorporate  components  common  to  other  trans¬ 
ducers  was  an  additional  reason  for  keeping  requested  modifications  to 
a  minimum. 


Table  2.1 


Hated  sensing  ranges  and  nominal  diaphragm 
thicknesses  for  the  Kulite  VM-750. 
Diaphragm  diameter  i3  1.27  cm. 


Full-Scale  Rating 

Diaphragm 

Thickness 

MPa 

pai 

(mm) 

0.3^* 

§0* 

0.2$* 

0.7* 

100* 

0.33* 

l.U 

200 

0  M 

3-.U 

$00 

0.T1 

.6.9 

1000 

1.02 

10.3 

1$00 

■1.2b 

13, a 

2060 

IM 

20.7 

300Q 

1.73 

• 

Tests  (Chapter  6)  have  isidioated  that 
0.,1h-MPa-rated  version  is  tm  flexible 

the -diaphragm  of  the 
to  provide  acceptable 

registration  vith  CHtava  20-^0  sand;  the  same  my  fee  tnse 
of  the  O.T-ttFa-ratcd  version,  legist  rat  on  of  the  i.lMMPa- 
rated  version  was  considered  acceptable. 
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CHAPTER  3 


3 


i 

•y 


DESIGN  CF  THE  LATERAL  ISOLATION  SYSTEM 
3.1  GENERAL  DESCRIPTION 

Preliminary  calculations  had  indicated  that  if  the  gage  mounting 
flange  were  to  undergo  the  same  strain  as  was  predicted  to  occur  inside 
a  reasonably  sized  steel  casing  subjected  to  external  axisymmetric 
stress  of  MPa  (*6000  psi),  consequent  strains  in  the  diaphragm  would 
result  in  excessive  output.  The  possibility  of  redesigning  the  gage 
was  considered,  but  the  approach  of  designing  the  mount  to  isolate  tlu 
gage  from  la+t*al  stresses  appeared  more  promising. 

A  cro'-s  section  of  the  mount,  with  gage,  is  shown  in  Figure  3.1; 
this  particular  mount  is  designed  for  thin  structures,  with  wall 
thich.ass  less  than  10  cm.  Because  of  the  desire  to  limit  the  mass 
of  the  clamp  ring  as  well  as  increased  machining  difficulties  inside  a 
longer  one-piece  mount,  a  different  version  was  designed  for  thick 
structures;  this  is  shown  in  Figure  3.2.  Lateral  isolation  functions 
in  the  same  way  in  both  cases.  The  thread  on  the  outside  of  the  mount 
was  patterned  after  the  shape  of  the  ridges  on  reinforcing  bars. 

Detailed  drawings  and  specifications  for  the  gage  mount  parts  are  in 
Appendix  A  and  the  installation  procedure  is  in  Appendix  B. 

The  lateral-isolation  ring  combiner  low  stiffness  in  the  radial 
direction  with  high  stiffness  and  strength  in  the  axial  direction  and  in 
shear.  Because  the  axial  stiffness  of  this  ring  is  much  greater  than 
that  of  the  clamp  ring  and  bolts,  effective  anchoring  of  the  gage  is 
+hrough  the  lateral-isolation  ring,  close  to  the  outer  surface  of  the 
structure.  The  six  WtO  high-strength  bolts  torqued  to  2.86  N-m 
(20  in. -lb)  provide  a  predicted  total  preload  sufficient  to  keep  the 
latex al-isolat ion  ring  in  contact  up  to  external  pressures  of  53  MPa; 
decrease  of  the  preload  due  to  high  lateral  stresses  and  consequent 
extcnsional  axial  strains  in  the  mount  was  conservatively  accounted  for 
in  this  estimate.  The  tests  on  which  the  bolt  preload  torque  is  based 
are  described  in  Appendix  C.  Allowing  for  reasonable  variation  in 
thread  friction  and  consequently  in  the  torque  versus  tension 
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relationship,  the  mount  may  be  considered  adequate  for  external  pressures 
up  to  bo  MPa  (-6000  psi).  In  view  of  the  claimed  maximum  pressure  of 
twice  the  ratea  pressure  for  the  Kulite  VM-750,  the  mount  may  be  con¬ 
sidered  adequate  for  rated  ranges  up  to  20.7  MPa  (3000  psi). 

3.2  CHOICE  OF  MATERIALS 

The  material  for  the  mount,  AISI  Type  Ulo  stainless  steel,  was 
chosen  because  of  its  easy  availability  and  good  machinability,  and 
because  its  coefficient  of  thermal  expansion,  10(10”^)  per  degrees 
Celsius  (Reference  U),  is  very  nearly  the  same  as  the  11(10”^)  per 
degrees  Celsius  typical  value  for  concrete  (Reference  5).  Carbon  steel 
was  avoided  because  of  possible  adverse  effects  of  rusting  of  the  sur¬ 
face  in  contact  with  the  soil  on  gage  registration.  Since  the  rusting 
process  involves  an  increase  in  volume,  it  was  anticipated  that  rusting 
of  the  outer  surface  during  the  time  between  backfilling  and  the  test 
may  result  in  some  preloading  of  the  soil  on  the  mount  surface  and 
loosening  of  the  soil  on  the  gage  surface. 

Because  the  lateral-isolation  ring  is  subjected  to  a  combination 
of  compres'ive  axial  stresses  nnd  tensile  hoop  stresses  (due  to  pressure 
transmitted  by  the  filler  material  in  the  annular  space),  a  stronger 
material  had  to  be  used.  Type  17-bPH  stainless  steel  in  either  H900  or 
H1150  condition  provides  both  adequate  strength  and  a  coefficient  of 
thermal  expansion  (Reference  b)  equal  to  the  typical  value  for  concrete 
(Reference  5). 

live  material  for  the  clomp  ring  was  chosen  to  be  7075-T65I  aluminum 
in  ''rder  to  minimise  Its  mass  and  also  its  stiffness  relative  to  the 
lateral-isolation  ring.  Because  effective  anchoring  of  the  gage  is 
through  the  lateral-isolation  ring,  thermal  expansion  properties  of  the 
clamp  ring  ore  not  critical.  The  strength  of  the  flange  was  designed  to 
match  that  of  the  bolts. 

Hie  choice  of  the  filler  material  for  the  annular  space  around  the 
outer  end  of  the  gage  is  discussed  in  Chapter  b. 


3.3  DESIGN  OF  TIIS  LATERAL-ISOLATION  RING 


The  outer  and  inner  diameters  of  the  ring  were  sized  so  as  to  give 
a  hearing  area  sufficient  to  prevent  yielding  of  the  mount  in  the  event 
that  the  bolts  were  torqued  to  their  ultimate  strength,  and  yet  leave  an 
adequate  annular  gap  around  the  gage  for  the  filler  material.'  The 
purpose  of  the  thin  inner  flange  on  the  inward  end  of  the  ring  is  to 
provide  automatic  centering  during  installation;  there  is  also  a 
similar  feature  on  the  clamp  ring  (Figures  3.1  and  3.2).  In  order  to 
insure  symmetric  clamping  of  the  gage,  the  outer  and  inner  diameters  of 
the  thin  portion  of  the  clamp  ring  match  the  corresponding  dimensions 
of  the  lateral-isolation  ring. 

The  axial  length  of  the  lateral-isolation  ring  was  chosen  on  the 
basis  of  examining  the  effect  of  a  lineal  axisymmetric  radial  load  on 
an  infinite-length  pipe  of  the  same  thickness  and  mean  radius  as  the 
lateral-isolation  ring.  Considering  the  mount  undergoing  an  axi- 
symraetric  radial  inward  displacement  at  its  Junction  with  the  lateral- 
isolation  ring  (Figure  3.1  or  3.2)  it  is  easy  to  see  that  if  the  pre¬ 
load  is  assumed  sufficient  fox*  keeping  the  ring  from  lifting  off  the 
mount  at  its  inner  radius,  the  boundary  conditions  at  this  Junction  are 
the  same  as  at  the  location  of  the  radial  load  on  an  infinite-length 
pipe.  Defining  the  quantity  1  as 
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where  R  is  the  aeon  radius,  ?  is  the  thickness,  and  vy  is  the 
Poisson's  ratio  of  the  material,  the  radial  displacement  y  as  a 
function  of  the  axial  distance  x  is  given  by  (Reference  5) 


(cos  Ax  +  sin  Ax) 


(3.2) 


vrVre  yQ  is  the  radial  displacement  at  x  ®  0  ,  where  the  load  is 
applied. 


Equation  3.2  is  plotted  in  Figure  3.3.  It  is  evident  that  for 
\x  >_  2  the  displacement  is  less  than  10  percent  of  the  maximum 
displacement.  With  the  radial  dimensions  of  the  lateral-isolation  ring. 
Equation  3.1  gives  a  value  of  0.315  mm”1  (8  in.”1)  for  A  ,  so  that 
Ax  =  2  corresponds  to  x  =  6.35  mm  (lA  inch).  On  the  other  hand,  at 
Ax  =  1  (x  =  3.175  mm  =  1/8  inch),  the  displacement  is  approximately 
half  of  maximum  displacement.  The  unmodified  IPT-750,  with  a  6.35-mm 
(0.250  in.)  distance  from  the  sensing  face  to  the  mounting  flange, 
could  accommodate  a  lateral-isolation  ring  of  only  3.175-mm  (1/8  inch) 
axial  length.  The  distance  from  the  sensing  face  to  the  mounting 
flange  on  the  gage  was  increased  to  9.525  mm  (0.375  inch),  in  order  to 
accommodate  a  lateral-isolation  ring  of  6.35-mm  axial  length. 

3 A  LEAK  TESTS 

It  is  clear  from  Figure  3.1  or  3.2  that  due  to  the  small  dimen¬ 
sions  involved,  it  was  not  practical  to  incorporate  O-ring  seals.  The 
use  of  soft  copper  washers  on  both  ends  of  the  lateral-isolation  ring 
was  considered,  hut  was  not  adopted  because  of  the  desire  to  maintain 
maximum  rigidity  in  the  axial  direction,  as  well  as  to  keep  the 
installation  process  as  simple  as  possible.  It  was  also  recognized 
that  sealing  at  these  points  does  not  need  to  be  absolutely  watertight. 
Nevertheless,  the  leak  rate  should  not  be  great  enough  to  make  it 
possible  for  an  initially  water-saturated  soil  to  locally  desaturate 
when  subjected  to  pressures  and  pulse  durations  typical  of  explosive- 
generated  stress  waves. 

Conservative  leak  tests  were  done  by  subjecting  the  outer  faces 
of  five  gage-and-mount  assemblies  to  water  under  high  pressure,  without 
any  filler  material  in  the  annular  space  around  the  outer  end  of  the 
gage.  This  was  done  by  attaching  a  field  calibration  fixture  (Figure 
B.2  in  Appendix  D)  to  each  mount,  and  hooking  them  up  to  a  manifold. 

The  mounts  were  positioned  such  that  the  gage  sensing  faces  were  in 
the  upward  direction.  The  manifold  was  carefully  filled  with  water  in 
such  a  way  as  to  eliminate  any  air  in  the  system.  The  pressure  was 
increased  in  increments  of  0.7  MPa  (100  psi)  while  observing  the  lower 
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ends  of  the  mounts  for  any  water  droplets,  'until  a  pressure  of  10.3  MPa 
(1500  psi)  was  reached.  This  took  place  over  a  period  of  20  minuteB; 
the  pressure  was  then  held  at  10.3  MPa  for  10  minutes  before  it  was 
lowered  back  down.  A  careful  close-up  visual  check  of  the  lower  ends 
of  the  mounts  did  not  reveal  any  sign  of  leakage. 

However,  after  dissassembly  it  was  noticed  that  there  had  been 
small  leaks  in  two  out  of  the  five  mounts.  The  total  amount  in  each  of 
these  was  estimated  at  one  or  possibly  two  droplets.  The  amount  of 
water  had  not  been  great  enough  to  migrate  a  sufficient  distance  down¬ 
ward  to  be  visible  without  disassembling  the  mount.  Since  the 
duration  in  this  test  («10  minutes)  exceeded  the  typical  pulse  duration 
in  an  explosive-generated  stress  wave  (~10  milliseconds)  by  four  orders 
of  magnitude,  the  amount  of  water  that  might  be  leaked  during  such  a 
stress  wave  is  expected  to  be  insignificant. 


WI*M 
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Figure  3.3.  Plot  of  Equation  3. a 


CHAPTER  4 


EVALUATION  OF  LATERAL  ISOLATION 


The  same  25.4-cm-diameter  dynamic  fluid  chamber  that  was  used  to 
investigate  gage  registration  was  also  used  as  the  loading  device  in 
evaluating  lateral  isolation.  Cross  -sections  of  the  test  configura¬ 
tion  are  shown  in  Figures  4.1  and  4.2.  Loading  the  circular  plate 
supported  on  a  ring  at  its  edge  produces  axi symmetric  lateral  stresses 
in  the  mount.  The  tangential  strain  in  the  mount  close  to  the  anchor¬ 
ing  of  the  gage  was  monitored  by  two  strain  gages  located  90  degrees 
apart.  A  thin  cap  equipped  with  an  0-ring  seal  isolated  the  gage  from 
direct  pressure  on  the  sensing  face.  A  typical  dynamic  loading  pulse 
is  shown  in  Figure  4.3. 

The  first  tests  were  done  with  concrete-and-steel  composite  plates. 
The  neutral  axis  was  designed  to  be  at  the  concrete-and-steel  interface 
so  that  the  steel  would  be  in  tension  and  the  concrete  in  compression. 
The  gage  was  mounted  in  a  shortened  version  of  the  mount  designed  for 
thick  structures,  which  was  fastened  to  the  steel  plate  before  casting 
the  concrete.  Shear  studs,  0.635  cm  (1/4  inch)  diameter,  were  spaced 
approximately  one  per  6.5  square  centimetre  (one  per  square  inch)  on 
the  rest  of  the  inner  surface  of  the  steel  plate.  The  concrete  was  a 
strong  granite-filled  mix  having  a  Young's  modulus  of  approximately 
27,000  MPa  (4,000,000  psi). 

In  order  to  keep  the  soil  out  of  the  annular  space  around  the 
outer  end  of  the  gage  and  yet  minimize  the  lateral  forces  transmitted 
through  it,  the  filler  material  should  be  very  nearly  incompressible 
and  yet  possess  low  dynamic  stiffness  in  shear.  The  material  should 
also  be  reasonably  convenient  to  use  and,  ideally,  would  also  act  as  a 
sealant.  Materials  of  extremely  low  shear  strength,  sueh  as  grease  or 
jellied  water,  were  ruled  out  because  of  anticipated  difficulties  with 
soil  placement.  In  the  absence  of  known  dynamic  properties  of  candi¬ 
date  materials,  it  was  recognized  that  selection  would  have  to  be 
largely  on  the  basis  of  trial.  The  dynamic  stiffness  of  several  candi¬ 
date  materials  was  qualitatively  compared  by  impacting  cubes  of 
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identical  size  with  a  hammer.  The  drop  height  was  adjusted  until  the 
hammer  would  just  barely  touch  spacers  placed  beside  the  specimen  on 
the  anvil.  If,  upon  changing  the  material,  the  hammer  would  not  touch 
the  spacers  when  dropped  from  the  same  height,  the  second  material  was 
considered  to  be  stiff er  than  the  first.  This  rough  comparison  proced¬ 
ure  was  used  to  narrow  the  number  of  candidate  materials  down  to  two: 
a  modeling-clay-like  substance  with  the  trade  name  "Plastilina,1'  and  a 
one-component  silicone  rubber  sealant,  Dow  Corning  Catalog  No.  732. 

Care  was  taken  to  fill  the  annular  space  in  such  a  way  as  to 
eliminate  air-voids.  With  the  Plastilina,  this  proved  to  be  rather 
time-consuming.  Injection  of  the  silicone  rubber  sealant  proved  to  be 
much  easier.  A  simple  injection  fixture  having  two  holes  is  placed  on 
the  gage  and  mount  such  that  the  holes  are  diametrically  opposed  on  the 
annular  space  being  filled.  A  syringe  is  inserted  into  one  of  the  holes 
and  pressure  is  maintained  on  the  syringe  until  the  sealant  flows  out 
of  the  other  hole.  A  more  detailed  description  of  the  injection  proce¬ 
dure  as  well  as  a  drawing  of  the  injection  fixture  is  included  in 
Appendix  B,  The  effectiveness  of  this  injection  procedure  in  reliably 
eliminating  even  small  bubbles  irrespective  of  spatial  orientation  (the 
gage  facing  upward,  sideways,  and  downward)  was  confirmed  by  means  of  a 
transparent  plexiglas  model  of  the  annular  space. 

The  silicone  rubber  sealant,  Dow  Corning  Catalog  No.  732,  solid¬ 
ifies  when  in  contact  with  air.  A  solid  "skin"  is  formed  in  approxi¬ 
mately  one  hour,  and  the  soil  may  be  placed  after  that  time.  Ordi¬ 
narily,  there  would  be  no  objection  to  having  the  deeper  part  of  the 
filler  material  remain  liquid  at  test  time,  but  it  was  desired  to  eval¬ 
uate  lateral  sensitivity  with  the  filler  material  solidified  throughout. 
In  order  to  check  on  the  solidifying  rate,  several  steel  nuts  of  the 
same  height  as  the  annular  space  in  the  gage  mount  were  placed  flat 
upon  a  metal  plate  and  the  holes  filled  with  the'  silicone  rubber 
sealant.  Solidifying  of  the  deeper  part  of  the  sealant  was  checked  by 
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picking  up  one  of  these  nuts.  It  was  found  that  ten  days  were  suffi¬ 
cient  for  the  material  to  solidify  throughout  the  9-mm  depth.  All 
lateral  sensitivity  tests  with  the  silicone  rubber  sealant  were  done 
more  than  ten  days  after  the  injection  of  the  material  into  the  annular 
space  in  the  mount. 

Results  of  lateral  sensitivity  tests  with  the  conerete-and-steel 

composite  plates  are  summarized  in  Table  4.1,  The  circumferential 

strain  on  the  inner  surface  of  the  mount  corresponding  to  failure  of 

i+O-MPa  (6000-psi)  concrete  around  the  mount  -under  axisymmetric  loading 

was  predicted  by  means  of  thick-pipe  formulas  (Reference  5).  For  the 

thinner-walled  mount  (Figure  3.1),  this  strain  magnitude  was  predicted 

to  be  750(10“^).  Assuming  the  strain  to  be  proportional  to  the  distance 
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from  the  neutral  axis  of  the  plate,  a  strain  of  750(10_Q)  at  the 
junction  of  the  mount  with  the  lateral-isolation  ring  corresponds  to  a 
strain  of  700(10*"^)  at  the  strain  gage  location  (Figure  4.1).  The 
lateral  sensitivity  data,  expressed  in  terms  of  peak  VM-750  output  as 
a  percentage  of  full-scale  rating,  were  linearly  extrapolated  to  this 
strain  level  (last  column  in  Table  4.1). 

The  data  in  Table  4.1  imply  that  the  silicone  rubber  sealant  is  a 
slightly  better  isolator  than  the  Plastilina.  In  view  of  this,  as  well 
as  the  much  easier  installation  of  the  silicone  rubber  sealant,  the 
choice  of  filler  material  settled  on  the  Dow  Corning  silicone  rubber 
sealant,  Catalog  No.  732. 

However,  the  measured  strains  in  Table  4.1  are  approximately  three 
times  lover  than  predicted.  Slight  gaps  (less  than  0.1  mm)  between  the 
concrete  and  steel  around  the  periphery  of  the  plates  suggested  that  the 
mix  had  shrunken  slightly  during  setting,  and  consequently  the  concrete 
was  not  anchored  to  the  steel  in  such  a  way  as  to  prevent  all  relative 
movement.  It  was  expected  that  increased  loading  pressures  would  result 
in  destruction  and  possible  jamming  of  the  composite  plate  in  the  test 
chamber.  Although  the  measured  lateral  sensitivites  were  considered 
encouragingly  low,  they  are  based  on  relatively  low  input  strains,  and 
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the  possibility  of  nonlinear  behavior  had  not  been  excluded.  Evaluation 
of  lateral  sensitivity  at  strain  levels  corresponding  to  destruction  of 
concrete  around  the  mount  was  considered  highly  desirable.  Rather  than 
reattempt  the  casting  of  composite  plates,  it  was  decided  to  use  metal 
plates,  as  shown  in  Figure  4,2, 

The  results  of  lateral  sensitivity  tests  in  metal  plates  are 
summarized  in  Table  4.2.  As  expected,  the  measured  circumferential 

strains  in  the  mount  were  in  reasonable  agreement  with  predictions 

-6 

(Reference  5).  In  these  plates,  a  strain  of  ?50(l0“°)  at  the  junction 
of  the  mount  with  the  lateral-isolation  ring  corresponds  to  a  strain 
of  670(10""^)  at  the  3train  gage  location  (Figure  4.2).  The  lateral 
sensitivity  data,  expressed  in  terms  of  peak  VM-7^0  output  as  a  per¬ 
centage  of  full-scale  rating,  were  linearly  extrapolated  to  this  strain 
level  (lost  column  in  Table  4.2).  These  findings  do  not  exceed  one 
percent  of  full-scale  rating.  Alloying  for  some  variation  in  lateral 
sensitivity  among  individual  gages,  the  lateral  sensitivity  of  the 
gage-and-mount  system  under  axisymmetric  loading  corresponding  to 
failure  of  4o-MPa  (6000-psi)  concrete  around  the  mount  may  be  conser¬ 
vatively  stated  as  not  exceeding  two  percent  of  full-scale  rating. 

Measured  lateral  sensitivity  was  consistently  higher  in  dynamic 
tests  than  in  static  tests  with  the  same  filler  material.  This  is 
probably  due  to  viscoelasticity  of  the  filler  material.  The  typical 
loading  pulse  is  shown  in  Figure  4,3;  because  of  their  high  natural 
frequency  (*4000  Ha)  the  plates  responded  quasi -static ally  and  the 
strain  gage  output  records  have  the  same  rise  time  and  shape  as  the 
loading  pressure  pulse.  Although  the  rise  time  in  explosion-generated 
loading  pulses  is  sometimes  shorter,  the  tested  structures  are  usually 
sufficiently  large  so  that  the  time  to  reach  maximum  lateral  stress 
usually  exceeds  the  rise  time  in  Figure  4.3.  Shorter  structural 
response  times  may  be  obtained  only  with  relatively  stiff  model 
structures,  with  natural  frequencies  greater  than  200  Us. 
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Figure  h.2.  Evaluation  of  lateral  sensitivity  in  metal  plate. 


CHAPTER  5 


ACCELERATION  SENSITIVITY 

The  acceleration  sensitivity  of  a  fixed-edged  3train-gaged  dia¬ 
phragm  in  air  is  easily  computed  from  the  mass  per  unit  area  of  the 
diaphragm.  Clearly,  any  variation  in  edge  fixity  (rolling  of  the  edge) 
in  response  to  high  acceleration  would  invalidate  such  a  simple  calcula¬ 
tion. 

The  acceleration  sensitivity  of  two  gages,  a  l.lt-MPa-rated  and  a 
20.7-MPa-rated  version,  was  measured  on  a  spin  table  which  subjected 
them  to  approximately  1000  g's  of  acceleration.  Each  gage  mount  (the 
version  for  thick  structures  was  used)  was  fastened  to  the  spin  table 
by  means  of  a  bracket  with  bolts  threading  into  the  holes  on  the  outer 
face  intended  to  accommodate  a  field  calibration  fixture.  The  bracket 
had  a  relief  hole  in  the  center,  so  that  it  did  not  touch  the  gage. 

Each  mount  was  positioned  so  that  the  gage  sensing  face  was  toward  the 
center  of  the  spin  table. 

The  results  are  given  in  Table  5.1.  The  excellent  agreement  with 
the  corresponding  calculated  values  implies  that  the  gage  case  is 
sufficiently  rigid  to  maintain  diaphragm  edge  fixity  under  high  accel¬ 
eration  and,  consequently,  the  calculated  acceleration  sensitivities 
for  the  intermediate  rated  pressure  ranges  (Table  5.1)  are  also  expected 
to  be  realistio.  These  acceleration  sensitivities  are  not  high  enough 
to  significantly  affect  soil  stress  measurements. 

Calculated  natural  frequencies,  computed  from  the  formula  for  the 
natural  frequency  of  a  fixed-edged  plate  (Reference  5)  are  also  in¬ 
cluded  in  Table  5.1. 


p  It-1 


Table  5*1. 


-Scale  Rating 
JESi. 


Acceleration  sensitivity  and  diaphragm 
natural  frequency  for  the  Kulite  VM-750. 


Acceleration  Sensitivity 
in  Air  (kPa/g) 

_ Measured 


Calculated 
0.03 
0.05 
0.08 
0.10 
0.11 


0.02  (0.003  psi/g) 


Calculated 
Natural 
Frequency  (Hz) 

28,000 

43,000 

62,000 

76,000 

88,000 

107,000 


0.13 


0.13  (0.019  psi/g) 


CHAPTER  6 


GAGE  REGISTRATION  WITH  SAND 

Three  varieties  of  sand  were  used  in  these  tests:  Ottawa  20-1*0, 
Ottawa  50-200,  and  Reid-Bedford  Model  sand.  Reid-Bedford  Model  sand 
has  been  extensively  used  as  backfill  in  structures  tests  in  the  WES 
large  blast  load  generator,  and  its  properties  have  been  described  in 
greater  detail  elsewhere  (Reference  10).  Grain-size  distribution 
curves  for  these  three  varieties  of  sand  are  presented  in  Figures  6.1, 
6.2,  and  6.3,  respectively.  The  results  of  static  and  dynamic  uniaxial 
strain  tests  are  presented  in  Figures  6.1*  through  6.9.  Comparison  of 
static  and  dynamic  uniaxial  test  results  does  not  indicate  any  rate- 
dependence:  except  for  the  effects  of  oscillations  in  the  dynamic 
loading  pulses,  there  are  no  significant  differences  between  the  stress 
versus  strain  curves  from  the  static  and  the  dynamic  tests.  Most  of 
the  gage  testing  was  done  with  Ottawa  20-1*0,  the  stiffest  of  these  three 
varieties  of  sand. 

A  25.1*-cm-diameter  dynamic  fluid  chamber  was  used  to  subject  the 
sand  over  a  flush-mounted  gage  to  a  known  stress  input.  The  test  con¬ 
figuration  was  the  same  as  in  Figures  U.l  and  1*.2  except  that  the  cap 
shown  over  the  gage  was  removed.  Supporting  the  plate  evenly  on  its 
lover  surface  might  be  considered  an  ideal  test  condition}  however,  a 
face  cut  on  a  lathe  does  not  normally  produce  a  perfectly  flat  surface 
but  one  that  is  slightly  concave  or  convex.  Calculations  indicated 
that  placing  these  very  stiff  plates  on  the  fluid  chamber  bottom  would 
not  have  guaranteed  even  support.  Supporting  the  plate  at  or  near  its 
center  would  cause  it  to  deflect  so  as  to  become  slightly  convex  upward 
under  load,  which  would  tend  to  subtract  from  the  effects  of  the  gage 
diaphragm  deflection,  resulting  in  indicated  gage  registration  somewhat 
closer  to  ideal,  one-to-one  registration  that*  might  actually  be  the 
case.  Rather  than  go  to  special  machining  techniques  in  order  to  insure 
even  support,  it  was  decided  to  provide  a  somewhat  conservative  test 


environment  "by  supporting  these  stiff  plates  under  their  edges,  so  that 
the  effects  of  plate  and  gage  deflections  would  be  additive.  The  sand 
was  always  placed  by  sprinkling. 

Most  of  the  test  results  are  expressed  in  terms  of  plots  of  the 
fluid  pressure  versus  the  stress  indicated  by  the  VM-750,  together  with 
plots  of  the  fluid  pressure  versus  the  registration  ratio  (Figures  6.10- 
6.2k).  The  measured  registration  ratio  is  taken  to  be  the  stress  in¬ 
dicated  by  the  VM-750  divided  by  the  fluid  pressure.  Due  to  the  effects 
of  error  propagation,  the  measured  registration  ratios  are  not  con¬ 
sidered  to  be  very  reliable  at  fluid  pressures  less  than  fifteen  percent 
of  the  peak  value.  The  general  features  of  these  gage  registration 
test  results  are  as  expected  for  a  flush-mounted  gage:  somewhat 
hysteretic  behavior  with  underregia oration  during  loading  changing  to 
overregistration  during  unloading,  as  the  gage  diaphragm  pushes  the 
sand  back  outward.  The  overlapping  lines  in  the  unloading  portion  of 
the  curves  from  the  dynamic  tests  correspond  to  oscillations  after  the 
main  peak  in  the  dynamic  loading  pulse  (Figure  1*.3) . 

Significant  effects  of  plate  deflection  and  chamber  vail  friction 
would  become  noticeable  upon  varying  the  depth  of  the  sand.  The  results 
of  a  dynamic  and  a  static  test  with  5.08  cm  of  Ottawa  £0-1*0  sand  over  a 
1.1* -MPa-rated  gage  are  whovn  in  Figure  6.10  and  the  results  of  a  dynamic 
and  a  static  test  with  the  sand  d>pth  increased  to  9.52  cm  are  shown  in 
Figure  6.11,  There  ore  no  significant  differences  between  the  results 
of  the  static  tests,  Except  for  the  effects  of  oscillations  after  the 
main  peak  in  the  d-iamic  loading  pulse,  the  differences  between  the 
static  and  dynamic  tea*  results  are  believed  to  be  due  to  wave-propaga¬ 
tion effects  In  the  test  chamber,  and*  as  expected,  these  ore  more 
noticeable  with  th*  greater  sand  depth.  For  example,  the  truncated 
apex  u\  the  plot  of  fluid  pressure  versus  indicated  stress  from  the 
dynamic  teat  in  Figure  6,11  is  due  to  the  two  peaks  not  being  coinci¬ 
dent  in  time.  In  actuality,  they  were  separated  by  0.2  msec,  which  is 
the  transit  tier-  required  for  a  wave  traveling  at  600  metres  per  second 
to  propagage  from  the  height  of  the  reference  transducer  to  the  bottom 
of  a  9.52-co-:iigh  sand  sample.  Compared  to  the  rise  time  of  a  typical 


dynamic  loading  pulse  (Figure  4.3) »  this  0.2  msec  transit  time  is 
nevertheless  not  long  enough  for  wave-propagation  effects  to  in¬ 
fluence  measurements  of  registration  ratio  at  the  peak  hy  more  than  a 
few  percent.  All  the  other  gage  registration  tests,  hoth  static  and 
dynamic,  were  done  with  9.52-cm  sand  depth. 

Comparison  of  test  results  with  the  three  different  sands  indicates 
greater  underregistration  during  loading  with  Ottawa  20-40  than  with  the 
less  stiff  Ottawa  50-200  and  Reid-Bedford  Model  sands.  This  is  evident 
upon  comparing  test  results  with  these  three  sands  on  the  same  1.4-MPa- 
rated  gage:  with  Ottawa  20-40  sand  in  Figures  6.10-6.14,  with  Ottawa 
50-200  sand  in  Figure  6,15,  and  with  Reid-Bedford  Model  sand  in  Figures 
6.16-6.19.  Similarly,  the  characteristic  upward  eoncavity  of  the  load¬ 
ing  portion  of  the  fluid  pressure  versus  indicated  stress  curves 
(clearest  in  the  static  test  results)  reflects  the  upward  concavity  of 
the  stress  versus  uniaxial  strain  behavior  of  the  sand  (Figures  6.4- 
6.9)>  That  is,  as  the  stiffness  of  the  sand  increases  with  the  applied 
stress,  so  does  the  departure  from  ideal  registration.  When  the  loading 
is  not  carried  to  high  peak  stresses,  as  in  Figure  6.16  where  the  peak 
is  0.2  MPa,  the  registration  remains  close  to  ideal  up  to  the  peak. 

Upon  repeated  loadings,  with  each  pulse  packing  the  sand  more  tightly, 
there  is  a  tendency  toward  slightly  greater  underregistration.  This  is 
more  clearly  noticeable  with  the  Ottawa  50-200  sand  (Figure  6.15)  and 
Reid-Bedford  Model  sand  (Figure  6. 10). 

It  has  already  been  pointed  out  in  Chapter  2  that  diaphragm  gages 
designed  to  sense  high  external  stresses  are  expected  to  perform  with 
smaller  deviations  from  Ideal  registration  than  the  less  stiff  lower- 
ranged  versions.  This  is  also  borne  out  by  the  test  results.  The 
results  of  tests  with  a  0.3** -MPa-rated  VM-750  are  summarised  in 
Table  6.1.  It  is  evident  from  Table  6.1  that  the  diaphragm  of  the  0,34- 
HPa-rated  version  is  too  flexible  to  provide  acceptable  registration 
with  Ottawa  20-40  sand.  With  the  same  sand,  the  1.4-MPa-rated  version 
produced  loading  registration  ratios  of  approximately  0*8  at  applied 
stresses  close  to  its  rated  range  i Figures  6.10-6.13),  and  its  registra¬ 
tion  with  this  relatively  severe  medium  was  considered  acceptable.  Hot 
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surprisingly,  closer  to  ideal  registration  was  obtained  in  tests  with 
the  stiffer  10.3-MPa-rated  (Figures  6.20-6.23)  and  13.8-MPa-rated 
versions  (Figures  6.21*). 

A  relatively  high  degree  of  repeatability  is  another  noteworthy 
feature  of  the  gage  registration  test  results.  Tests  with  the  free- 
field  SE  gage  in  sand  and  clay  (References  6  and  11)  yielded  signifi¬ 
cantly  more  data  scatter.  This  suggests  that  the  placement  of  a  free- 
field  stress  gage  on  the  soil  is  a  more  severe  problem  them  the  place¬ 
ment  of  backfill  on  the  gage.  Regarding  interface  stress  measurements, 
high  accuracy  may  be  expected  to  be  obtainable  most  easily  on  the  roofs 
of  buried  structures,  while  measurements  on  footings  and  floors  present 
the  most  severe  problems.  Vertical  walls  may  be  considered  to  present 
an  intermediate  degree  of  placement  difficulty. 

When  considering  other  types  of  soil,  it  should  be  kept  in  mind 
that  the  presence  of  stones  next  to  a  strain-gaged  diaphragm  is  likely 
to  result  in  erratic  measurements.  The  use  of  a  properly  proportioned 
pocket  of  a  finer-grained,  stone-free  soil  covering  the  gage  is  dis¬ 
cussed  in  Reference  1.  Ideally,  the  mechanical  properties  of  the  pocket 
soil  should  be  representative  of  the  field  soil,  but  a  perfect  match 
should  not  be  expected  or  assumed.  In  some  cases,  it  may  be  sufficient 
to  merely  remove  stones  from  the  imaediate  vicinity  of  the  gage  or  to 
use  sieved  field  soil  in  covering  the  gage.  Repeatability  may  also  be 
expected  to  diminish  with  sands  that  are  significantly  more  coarse¬ 
grained  than  Ottawa  20-1*0,  which  was  the  coarsest  sand  in  the  tests 
reported  here.  Perhaps  the  most  severe  problem  are  presented  by  moist¬ 
ened  backfills  that  cement  together  and  shrink  nonuniformly  around  the 
buried  structure i  a  large  array  of  gages  would  be  needed  in  order  not 
to  be  aisled  by  the  effects  of  the  consequent  unpredictably  uneven 
loading  of  the  structure. 

Some  laboratory  measurements  of  gage  registration  with  the  same 
soil  as  in  the  field  application  make  it  possible  to  correct  for  syste¬ 
matic  deviations  from  ideal  registration.  Clearly,  the  configuration 
of  any  small  pocket  of  unrepresentative  soil  covering  the  gage  should 
also  be  duplicated.  If  the  mechanical  behavior  of  the  soil(s)  is  not 


significantly  rate-dependent,  static  tests  would  be  preferred  since 
wave-propagation  effects  in  the  sam^l 2  are  thereby  avoided.  With  such 
a  plot  of  fluid  pressure  versus  indicated  stress,  correction  of  the 
peak  stress  as  well  as  the  entire  loading  portion  up  to  the  first  peak 
is  straightforward:  for  various  values  of  indicated  stress  (abscissa), 
reading  off  the  fluid  pressure  (ordinate)  from  the  loading  portion  of 
the  curve  gives  the  corresponding  corrected  stress.  Correction  of  a 
monotonically  decreasing  unloading  portion  is  similarly  straightforward 
provided  that  the  laboratory  test  was  carried  to  the  same  peak  value  in 
indicated  stress  as  in  the  field  record.  Correction  of  an  oscillatory 
record  is  more  difficult;  nevertheless,  a  plot  of  fluid  pressure  versus 
indicated  stress  from  a  laboratory  test  can  be  used  to  set  upper  and 
lower  limits  in  the  oscillating  portion  of  the  record. 


Table  6.1.  Registration  of  0,3^-MPa-rated  VM-750  with  Ottawa  20-U0 
sand. 


Sand 

Density 

(gm/cc) 

Type  of 
Test 

Peak 
Pressure 
in  Fluid 
(MPa) 

Peak 

Indicated 

Stress 

(MPa) 

Registration 
Ratio 
at  Peak 

1.8037 

Dynamic 

0.131 

0.066 

0.50 

1.8030 

Static 

0.336 

0.136 

0.1*0 

l.Sote 

Static 

0.379 

0.ll»5 

0.38 

•1*7 
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Figure  6.1*  Gruia-sise  distribution  for  Ottawa  i.!0~U0  sand 
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.  Grain-sine  distribution  for  Ottawa  $0-200  sand 


UNIAXIAL  STRAIN,  PERCENT 


Figure  6.5.  Dynamic  uniaxial  test  results  on 

Ottawa  20*t0  sand.  '.«}  Stress  and  strain 
time  histories,  (b)  stress  versus  strain. 
Density  «*  1.7997~g»/cc. 


52 


STRESS 


STRESS 


Figure  6.7.  Dynamic  uniaxial  test  results  on 

Ottawa  50-200  sand,  (a)  Stress  and  strain 
time  histories,  (b)  stress  versus  strain* 
Density  »  1  690d-go/cc. 


UNIAXIAL.  STRAIN,  PERCENT 


Figure  6.9.  Dynamic  uniaxial  test  results  on  Reid-Bedford 
Model  sand,  (a)  Stress  and  strain  tine 
histories  (b)  stress  versus  strain. 

Density  *  l.&OJrgn/ce. 


re  6.10.  Registration  of  l.k-MPa-rated  VM-750  with  Ottawa  20-U0  sand. 

Sand  depth  was  5-08  cm  in  these  tests;  in  all  other  tests  it 
was  9*52  cm.  (a)  Fluid  pressure  versus  indicated  stress, 
(hi  fluid  -pressure  versus  registration  ratio. 


Figure  C.lU.  Registration  of  1 . U-MPa-r at ed  VM-T50 
(a)  Fluid  pressure  versus  Indicated 
pressure  versus  registration  ratio. 


versus  regi s tr at ion  ratio . 
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Figure  6 . 19,  Beglst.rat.ion  of  1 . rated  VK-750  with  Reid-Bedford  Model  sand. 

(a)  Fluid  pressure  versus  indicated  stress,  (b)  fluid  pressure 
versus  registration  ratio. 


Figure  6«2i*  Registration  10.3— MPa- rated  VM— 750  with  Ottawa  20— ho  sand. 

(a)  Fluid  pressure  versus  indicated  stress,  (b)  fluid  pressure 
versus  registration  ratio. 


Figure  6.23.  Registration  of  lC.3-MPa-rated  VM-750  with  Reid-Bedford  Model  sand 
(a)  Fluid  pressure  versus  indicated  stress,  (b)  fluid  pressure 
versus  registration  ratio. 


CHAPTER  7 


SUMMARY  AND  CONCLUSIONS 

Consideration  of  the  effects  of  lateral  stresses  in  the  structure 
wall  on  the  interaction  of  the  gage  with  the  soil  leads  to  the  basic 
requirements  of  high  gage  stiffness  and  anchoring  as  closely  to  the 
surface  of  the  structure  as  possible.  Theoretical  comparison  of  the 
interaction  of  diaphragm  and  column  type  gages  with  an  external  non¬ 
adhering  elastic  medium  implies  that  on  the  basis  of  minimizing  the 
effects  of  soil  arching  on  gage  registration  while  maximizing  electri¬ 
cal  output,  the  strain-gaged  diaphragm  concept  is  competitive  over  much 
of  the  soil  stress  range  of  interest.  Several  other  gage  concepts  were 
also  considered.  A  survey  of  commercially  available  gages  turned  up  a 
candidate  gage  that  appeared  to  be  suitable  after  certain  requested 
modifications.  This  modified  version  was  designated  the  VM-750  by  its 
manufacturer ,  Kulite  Semiconductor,  Inc. 

The  VM-750  lias  two  semiconductor  strain  gages  bonded  to  the  inside 
of  the  diaphragm,  and  temperature  compensation  in  the  inactive  bridge 
arms.  The  diaphragm  and  gage  case  material  is  17-^PH  stainless  steel, 
U90Q  condition;  its  thermal  expansion  is  very  nearly  the  same  as  that 
of  concrete.  Nominal  electrical  output  at  rated  pressure  is  100  milli¬ 
volts.  Claimed  maximum  pressure  is  twice  the  rated  pressure.  A  listing 
of  rated  pressures  and  nominal  diaphragm  thicknesses  is  given  in 
Table  2.1. 

The  mounting  system  anchors  the  gage  close  to  the  outer  surface  of 
the  structure  and  isolates  it  from  lateral  stresses  in  the  structure. 
Cross  sections  of  two  versions  of  the  mount  are  shown  in  Figures  3.1 
and  3.2.  The  strength  of  the  mount  is  adequate  for  rated  ranges  up  to 
20.7  MPa  (3000  psi).  Measured  lateral  sensitivity  under  axisymetric 
loading  corresponding  to  failure  of  hO-MPa  (S^PO-psi)  concrete  around 
the  mount  did  not  exceed  one  percent  of  full-scale  rating.  Allowing  for 
some  variation  in  lateral  sensitivity  among  individual  gages,  two  per¬ 
cent  of  full-scale  rating  may  be  considered  a  more  conservative  limit 
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under  these  conditions.  The  tests  included  static  tests  plus  dynamic 
tests  with  a  rise  time  of  approximately  two  milliseconds;  a  typical 
dynamic  loading  pulse  is  shown  in  Figure  4.3.  With  shorter  rise  times 
in  lateral  stress,  the  lateral  sensitivity  may  he  higher.  However,  such 
short  structural  response  times  may  he  obtained  only  with  relatively 
stiff  model  structures,  with  natural  frequencies  greater  than  200  Hz, 

Measured  acceleration  sensitivities  are  in  excellent  agreement  with 
predictions  based  on  the  mass  per  unit  area  of  the  diaphragm.  These  are 
not  high  enough  to  significantly  affect  soil  stress  measurements.  Cal¬ 
culated  and  measured  acceleration  sensitivities  as  well  as  calculated 
diaphragm  natural  frequencies  are  given  in  Table  5.1. 

Gage  registration  tests  (Chapter  6)  involved  three  varieties  of 
sand:  Ottawa  2G~4q,  Ottawa  50-200,  and  Reid-Bedford  Model  sand.  Most 
of  the  tests  were  done  with  Ottawa  20-40,  the  stiffest  of  these  three 
varieties.  These  tests  indicated  that  a  gage  diaphragm  designed  for 
a  full-scale  rating  of  0,3k  MPa  (50  psi)  is  too  flexible  to  provide 
acceptable  registration  with  Ottawa  20-40  sand,  Registration  of  the 
1.4 -MPa-rated  version  with  this  relatively  severe  medium  was  considered 
acceptable;  measured  registration  ratios  during  loading  were  approxi¬ 
mately  0.8  at  applied  stresses  close  to  its  rated  range.  Closer  to 
ideal  registration  was  obtained  in  testa  with  the  stiffer  10.3-MPa-rated 
and  13.8-MBa-rated  versions.  With  the  possible  exception  of  soils  of 
much  lower  shear  strength  (our *  as  wet  c lays ) ,  the  -*ae  of  versions  of 
this  gage  rated  for  less  than  1.4  MPa  (200  psi)  is  not  recommended.  In 
view  of  the  100-taillivolt  nominal  f a  ,1-seale  output,  this  should  not 
be  a  severe  limitation  on  measurements  below  1.4  MPa. 

The  gage  registration  U,  't  results  also  demonstrate  a  relatively 
high  degree  of  repeatability.  However,  these  tests  were  conducted  under 
laboratory  conditions  and  with  the  gage  in  an  upward-facing  surface. 

Due  to  increased  difficulties  in  soil  placement,  the  same  degree  of 
repeatability  should  not  be  expected  with  measurements  on  vertical  walls. 
Measurements  on  downward-facing  surfaces  present  even  more  severe  place¬ 
ment  problems. 
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When  considering  other  types  of  soil,  it  must  he  kept  in  mind  that 
the  presence  of  stones  next  to  the  diaphragm  is  likely  to  result  in 
erratic  measurements.  If  the  backfill  should  contain  stones,  a  pro¬ 
perly  proportioned  small  pocket  of  stone-free  soil  may  he  used  to  cover 
the  gage.  In  some  cases,  it  may  he  sufficient  to  merely  remove  stones 
from  the  immediate  vicinity  of  the  gage  or  to  use  sieved  field  soil  in 
covering  the  gage.  Perhaps  the  most  severe  problems  are  presented  by 
moistened  backfills  that  cement  together  and  shrink  nonuni formly  around 
the  structure. 

Some  laboratory  measurements  of  gage  registration  (such  as  the 
tests  reported  in  Chapter  6)  with  the  same  soil  as  in  the  field  applica¬ 
tion  make  it  possible  to  correct  for  systematic  deviations  from  ideal 
registration.  The  configuration  of  any  small  pocket  of  unrepresentative 
soil  covering  the  gage  should  also  be  duplicated  in  the  laboratory 
tests. 

An  investigation  of  the  effects  of  various  field  backfill  place¬ 
ment  and  compaction  techniques  on  gage  registration  and  data  scatter 
would  yield  much  useful  information  on  the  accuracy  and  limitations  of 
soil-structure  interface  stress  measurements  under  field  conditions. 
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APPENDIX  A 
GAGE  MOUNT  PARTS 

A  detailed  drawing  of  the  lateral-isolation  ring  is  given  in 
Figure  A.l.  Detailed  drawings  of  the  mount  and  clamp  ring  for  use  in 
thin  structures,  with  wall  thicknness  less  than  k  inches,  are  given  in 
Figures  A. 2  and  A. 3  respectively.  Dimension  T  in  Figures  A. 2  and  A. 3 
should  be  equal  to  or  slightly  less  than  the  thickness  of  the  structure, 
depending  on  the  method  of  fastening  the  mount  to  the  form.  For 
example,  for  most  measurements  on  a  horizontal  roof  of  a  huried  struc¬ 
ture,  it  is  convenient  to  make  the  length  of  the  mount  equal  to  the 
roof  thickness  and  attach  it  to  the  form  on  the  bottom  end,  while  for 
most  measurements  on  vertical  or  sloping  walls  it  is  more  expedient  to 
make  the  length  of  the  mount  approximately  l/l6  to  1/8  inch  less  than 
the  wall  thickness,  and  attach  it  to  the  outer  wall  of  the  form. 

Detailed  drawings  of  the  mount  and  clamp  ring  for  use  in  thick  struc¬ 
tures  are  given  in  Figures  A.U  and  A. 5  respectively.  Dimension  C  in 
Figure  A.h  should  he  equal  to  or  slightly  less  than  the  thickness  of 
the  structure  minus  2  inches,  depending  on  the  method  of  fastening  the 
mount  to  the  form.  Installation  is  discussed  in  greater  detail  in 
Appendix  B. 

The  specifications  for  the  holts  are  as  follows:  No.  U-UO  socket 
head  cap  screws,  length  under  head  5/8  inch,  minimum  tensile  strength 
180,000  psi. 
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LATERAL- ISOLATION  RING  FOR 
SOIL-STRUCTURE  INTERFACE  STRESS  GAGE 

MATERIAL .  IT-4FI3  STAINLESS  STEEL  CONDITION  M  It**'  Oft  HOOO 
ALL  DIMENSIONS  ARE  IN  INCHES 
TOLERANCES :  10.0  K>  UNLESS  OTHERWISE  SPECIFIED 


>‘ii?ure  A.l.  Lateral-isolation  ring. 


INTH1N  STRUCTURES  (LESS  THAN  4  INCH  WAUL) 

MATERIAL:  7075  * Tfl  (OR  -T®5I)  ALUMINUM 
ALL  DIMENSIONS  ARE  IN  INCHES 

tolerances:  ±0.010  unless  otherwise  specified 


Figure  A. 3.  Clomp  ring  for  use  in  thin  structures 
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MOUNT  FOR 

SOL-STRUCTURE  INTERFACE  STRESS  OAOE 
IN  THICK  STRUCTURES  (4  INCH  VWLL  OR  GREATER) 

ALL  DIMENSIONS  (EXCEPT  ANGLES)  ARE  IN  INCHES 
T0CMANCt$:  ±0.010  UNUW  OTHKNWtM  WCGPNtO 


Figure  k.k.  Mount  for  use  in  thick  structures 
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SECTION  A- A 


CLAMP  RING  FOR 

SOIL- STRUCTURE  INTERFACE  STRESS  GAGE 
IN  THICK  STRUCTURES  (4  INCH  WALL  OR  GREATER  ) 

MATERIAL’.  7075  -T6(0R  -T6S0  ALUMINUM 
ALL  DIMENSIONS  ARE  tN  INCHES 
TOLERANCES:  ±0.010  UNLESS  OTHERWISE  SPECIFIED 


Figure  A. 5.  Clamp  ring  for  use  in  thick  structures 


APPENDIX  B 


INSTALLATION  PROCEURE 


B.l  CALIBRATION  OPTIONS 

Most  users  prefer  to  calibrate  a  gage  of  this  type  in  the  labora¬ 
tory  prior  to  installation.  A  detailed  drawing  of  a  convenient 
laboratory  calibration  fixture  is  given  in  Figure  B.l.  With  the  mount 
designed  for  thick  structures  (Figure  A.k)  field  calibration  after 
installation  is  also  possible.  The  field  calibration  fixture,  shown  in 
Figure  B.2,  fastens  to  the  outer  surface  of  the  mount  with  six  6-32 
high-strength  socket  head  cap  screws,  length  under  head  one  inch, 
torqued  to  35  in. -lbs.  Prior  to  placing  the  backfill,  the  holes  for 
attaching  the  field  calibration  fixture  should  be  plugged;  6-32  set 
screws  are  convenient  for  this  purpose. 

B.2  INSTALLATION  OF  THE  MOUNT  IN  THE  STRUCTURE 

It  is  preferable  not  to  have  the  gage  installed  in  the  mount  while 
the  structure  is  being  cast,  but  to  install  the  gage  once  the  structure 
has  been  completed  and  the  form  is  off.  The  mount  must  be  thoroughly 
cleaned  and  degreased.  Because  of  possible  relative  movement  during 
pouring  and  vibration  of  the  mix,  attachment  of  both  ends  of  the  mount 
to  the  corresponding  walls  of  the  form  is  not  desirable.  Since  the 
outer  surface  of  the  mount  should  be  flush  with  the  structure,  it 
follows  that  the  mount  should  be  fastened  to  the  outer  wall  of  the  form 
whenever  possible.  Making  the  mount  slightly  shorter  than  the  structure 
thickness  eliminates  interference  with  the  inner  wall  of  the  form. 
However,  if  the  form  has  no  outer  wall,  such  as  in  the  case  on  a  flat 
roof,  then  the  mount  length  must  be  the  same  as  the  roof  thickness. 

Attachment  of  the  mount  to  the  outer  wall  of  the  form  is  usually 
most  convenient  with  a  single  lA-20  bolt  through  the  form.  The 
special  nut  shown  in  Figure  B.3  may  be  used  with  both  versions  of  the 
gage  mount;  it  fits  onto  the  surfaces  mating  with  the  lateral-isolation 
ring.  In  order  to  insure  subsequent  firm  anchoring  of  the  gage  to  the 


mount,  it  is  important  to  avoid  trapping  burr-raising  dirt  or  grit 
between  this  nut  and  the  gage  mount.  The  inner  end  of  the  mount  must 
be  plugged  with  a  rubber  stopper  or  blocked  off  with  pressure-sensitive 
tape.  The  tape  must  be  trimmed  such  that  it  does  not  overlap  the 
threaded  outer  diameter  of  the  mount. 

For  installation  in  a  flat  roof,  the  mount  may  be  fastened  with  a 
single  long  bolt  running  all  the  way  through,  or  by  small  screws  running 
into  tapped  holes  in  the  inner  end.  In  the  latter  case,  the  outer  end 
must  be  plugged  with  a  rubber  stopper  or  blocked  off  with  pressure- 
sensitive  tape.  As  always,  the  tape  must  be  trimmed  such  that  it  does 
not  overlap  the  threaded  outer  diameter  of  the  mount. 

B.3  INSTALLATION  OF  THE  GAGE  IN  THE  MOUNT 

Because  stiff  anchoring  of  the  gage  to  the  mount  is  absolutely 
essential,  all  bearing  surfaces  must  be  free  of  dirt  or  grit.  This  is 
especially  important  in  the  case  of  the  lateral-isolation  ring  and  the 
corresponding  mating  surfaces  on  the  mount  and  on  the  gage. 

The  mount  parts  are  made  such  that  centering  is  automatic.  The 
small  centering  flange  on  the  inside  of  the  lateral-isolation  ring  must 
always  be  inward,  i.e.,  next  to  the  mounting  flange  of  the  gage,  as 
shown  in  Figures  3.1  and  3.2. 

In  the  mount  designed  for  thin  structures  (Figure  3.1)  the  clamp 
ring  extends  to  the  inside  of  the  structure  and  installation  is 
straight-forward.  In  case  of  upward-facing  and  sideways-facing  measure¬ 
ments,  the  most  expedient  procedure  is  as  follows.  The  wire  lead  is 
threaded  through  the  clamp  ring,  and  the  clamp  ring  and  lateral- 
isolation  ring  are  positioned  on  the  gage.  Holding  the  clamp  ring  by 
its  flange  and  keeping  the  gage  in  place  by  maintaining  a  small  pulling 
force  on  the  wire,  all  three  pieces  are  now  inserted  into  the  mount. 

The  clamp  ring  is  held  in  position  while  the  bolts  are  inserted  and 
made  finger-tight.  Although  the  taper  in  the  mount  facilitates  seating 
of  the  lateral-isolation  ring,  it  is  nevertheless  advisable  to  check 
the  outer  face  of  the  mount  before  tightening  the  bolts.  Improper 
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seating  or  Jamming  inside  the  mount  would  be  indicated  by  the  gage  not 
extending  all  the  way  to  the  outer  surface.  The  bolts  are  torqued  to 
20  in. -lbs. 

The  installation  procedure  with  the  mount  designed  for  thick 
structures  (Figure  3.2)  is  similar,  except  that  the  clamp  ring  can  not 
be  hand-held  during  insertion  and  the  bolts  must  be  engaged  and  tight¬ 
ened  by  means  of  a  long  wrench.  A  plastic  tube  that  jams  into  the 
inner  diameter  of  the  flange  end  of  the  clamp  ring  has  been  used  suc¬ 
cessfully  as  an  insertion  tool.  Again,  maintaining  a  small  pulling 
force  on  the  wire  lead  passing  through  the  clamp  ring  and  tube  helps 
keep  the  gage  in  place  in  the  clamp  ring.  The  plastic  tube  is  not 
removed  until  at  least  some  of  the  bolts  are  in  place.  The  bolts  are 
torqued  to  20  in. -lbs. 

Injection  of  the  silicone  rubber  sealant,  Dow  Corning  Catalog 
No.  732,  into  the  annular  space  around  the  outer  end  of  the  gage  is 
facilitated  by  the  injection  tool  shown  in  Figure  B.t.  The  injection 
tool  is  positioned  over  the  gage  and  mount  such  that  the  holes  are 
diametrically  opposed  on  the  annular  space.  A  syringe  filled  with  the 
silicone  rubber  sealant  is  inserted  into  one  of  the  holes  and  pressure 
is  maintained  on  the  syringe  until  the  sealant  flows  out  of  the  other 
hole.  In  case  any  bubbles  were  injected  into  the  annular  space, 
pressure  on  the  syringe  should  be  maintained  until  the  bubbles  are  seen 
emerging  from  the  other  hole.  All  excess  sealant  must  be  removed  from 
the  outer  surfaces  of  the  gage  and  mount.  It  is  expedient  not  to 
attempt  to  wipe  this  off  immediately,  but  to  scrape  it  off  with  a 
fingernail  or  a  piece  of  wood  or  plastic  after  the  sealant  has  solidi¬ 
fied  to  some  extent.  In  any  case,  the  backfill  should  not  be  placed 
until  at  least  a  solid  outer  "skin"  has  formed;  minimum  time  is  approx¬ 
imately  one  hour. 

B.l*  INSTALLATION  OF  PREVIOUSLY  USED  GAGES 

Upon  recovery,  the  silicone  rubber  sealant  and  lateral- isolation 
ring  usually  stay  attached  to  the  gage.  It  is  not  necessary  to  remove 
the  lateral-isolation  ring  before  reusing  the  gage.  However,  because 


stiff  anchoring  of  the  gage  to  the  mount  is  absolutely  essential,  the 
possibility  of  trapping  any  solidified  sealant  between  the  lateral- 
isolation  ring  and  the  mount  should  be  avoided  by  trimming  off  any 
attached  sealant  outward  (toward  the  sensing  face)  from  the  lateral- 
isolation  ring.  This  space  is  then  filled  by  injection  after  the  gage 
is  in  place. 
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FIELD  CALIBRATION  FIXTURE  FOR 
SOIL -STRUCTURE  INTERFACE  STRESS  CAGE 

MATERIAL:  AISI  TVRE.4IS  STAINLESS  STEEL 
ALL  DIMENSIONS  ARE  IN  INCHES 
TOLERANCES'.  4  0.010  UNLESS  OTHERWISE  SPECIFIED 


Figure  B.2.  Field  calibration  fixture.  An  O-ring 
with  Parker  size  No.  2-021  is  requirod. 
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NUT  FOR  FASTENING  MOUNT  TO 
OUTER  WALL  OF  FORM 


MATERIAL ‘.STAINLESS  STEEL  OR  BRASS 
ALL  DIMENSIONS  ARE  IN  INCHES 


Figure  B.3.  Nut  for  fastening  mount  to  outer 
wall  of  the  structure  form. 
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Figure  UJi.  Injection  tool.  l/lt">- inch-thick  rubber 

or  neoprene  (a  somewhat  trtuimwiront  variety 
in  best)  vith  two  holes  matching  the  3/32 
drill  holes  glued  to  the  bottom  aide. 
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APPENDIX  C 


TESTS  TO  ESTABLISH  THE  BOLT  PRELOAD  TORQUE 

The  "bolt  preload  torque  of  2.26  N-m  (20  in. -lb)  was  ehosen  as  2/3 
of  the  mean  torque  in  a  sample  of  22  bolts  torqued  to  failure  in  a 
simple  test  fixture  involving  the  same  materials  and  thread  engagement 
length  as  in  the  mount.  Surfaces  of  the  test  fixture,  including  the 
threads,  had  been  cleaned  with  Freon  113;  the  bolt  surfaces  were  in  the 
same  condition  as  in  their  shipping  container.  All  teats  involved 
virgin  surfaces;  there  were  no  "repeat"  tests  with  previously  used 
surfaces. 

In  the  actual  mount,  the  bolts  are  additionally  subjected  to  some 
flexure  because  of  the  elastic  deformation  (rolling)  of  the  elamp  ring 
during  tightening.  Further  tests  were  done  with  three  gage-und -mount 
assemblies.  In  each  of  these,  the  six  bolts  were  tightened  in  a 
diametrically  opposing  sequence  in  small  increments  until  one  failed. 
The  mean  failure  torque  thus  obtained,  3.1  t»~m,  was  very  nearly  the 
same  as  the  mean  of  the  lowest  four  out  of  the  S2  failure  torques 
(a/2t  »  1/6)  obtained  in  the  simple  teat  fixture. 
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